Within lymphopenic recipients, naïve T cells undergo proliferation that is induced by homeostatic mechanisms. Earlier studies have demonstrated that commensal antigens play a key role in inducing the proliferation. However, a relative contribution of endogenous self antigens in this process has not been formally investigated. In this study, we utilized a pharmacologic inhibitor that blocks T cell egress from the lymphoid tissues, antibiotics, and germ-free animals to examine the role of commensal and self antigens. The results suggest that T cell proliferation under lymphopenic conditions is a heterogeneous process triggered by both exogenous commensal and endogenous self antigens.
Introduction
Understanding how naïve T cells are induced to proliferate under lymphopenic environments has been a topic of great interest. Using a germ-free (GF) SCID model, it was previously shown that both CD4 and CD8 T cell proliferation is significantly reduced in the absence of commensal microflora [1] , which led to the conclusion that T cell proliferation is primarily induced by non-self-ligands, most likely derived from commensal microflora. Since MHC II expression by dendritic cells (DC) is essential for CD4 T cell proliferation to occur [2] , commensal antigens presented by DC that reside in the gut draining mesenteric LN (mLN) are likely the major stimuli underlying this response. This notion is further supported by the fact that lymphopenic recipients that receive naïve non-regulatory CD4 T cells induce colitis, which is believed to be caused by uncontrolled T cell activation in response to commensal bacteria [3] .
However, some level of T cell proliferation is still observed in GF SCID recipients following T cell transfer [1] , raising a possibility that a gut antigen-independent mechanism might be operative in inducing the proliferation. Therefore, whether commensal antigens are the sole source of stimulation, or whether endogenous self antigens that are constantly presented to peripheral T cells as 'tonic signals' are also involved in this process remains to be tested. Indeed, it has been proposed that activated T cells within lymphopenic environments can lead to autoimmune disorders such as diabetes, arthritis, or immune reconstitution inflammatory syndrome (IRIS) [4] [5] [6] , further supporting the importance of self antigens in inducing the proliferation.
To better characterize T cell proliferation under lymphopenic settings, we took advantage of using S1P 1 agonist, FTY720, and antibiotics to prevent activation induced T cell migration between lymphoid (and into non-lymphoid) tissues and to deplete commensal microflora, respectively. The approach revealed that although the mLN is the primary location where T cell proliferation takes place, a significant proliferation is still induced within the peripheral LN (pLN). In particular, treating recipients with both FTY720 and antibiotics demonstrated the contribution of nonmLN tissues in this process. Furthermore, transferring T cells into lymphopenic GF mice as well as the immunoscope analysis of memory phenotype CD4 T cells from neonatal GF mice strongly suggest the importance of self antigens. Therefore, T cell proliferation under lymphopenic conditions is a heterogeneous process induced by both exogenous commensal and endogenous self antigens.
Materials and methods

Mice
C57BL/6, B6 Ly5.1, B6 Thy1.1 and B6 TCRbÀ/À mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Seven-day old germ-free (GF) or conventional Swiss Webster (SW) neonates with the dams were purchased from Taconic (Germantown, NY). They were maintained in flexible-film or semi-rigid isolators provided by Taconic. Adult GF mice in C57BL/6 background were bred and maintained at the Germ-free Animal Core Facility of the University of Michigan. GF mice were maintained in flexible film isolators and were checked weekly for germ-free status by aerobic and anaerobic culture. The absence of microbiota was verified by microscopic analysis of stained cecal contents to detect unculturable contamination. All animal procedures were conducted according to the guidelines of the Institutional Animal Care and Use Committee.
Cell sorting and adoptive transfer
LN naive T cells were obtained as follows. pLN (axillary, cervical, and inguinal LN) and mesenteric LN were pooled and the total T cells were purified by negative selection. CD44 low naive T cells were further sorted using a FACSAria cell sorter (BD Bioscience, San Jose, CA). Sorted T cells were labeled with CFSE (Molecular Probe, Carlsbad, CA). 1 Â 10 6 donor T cells were transferred i.v. into the recipients described throughout the study. In some experiment, SPF (Thy1.2+) and GF (Thy1.2+) mice were injected i.p. on Day 0 with cyclophosphamide (CTX) (4 mg/mouse) to induce transient state of lymphopenia [7] . 1 Â 10 5 FACS sorted splenic Thy1.1 CD4 T cells were transferred into the CTX treated recipients. Two weeks later the recipients were sacrificed and the numbers of donor T cells were calculated from the spleen.
FACS analysis
Recipients were sacrificed at the indicated time points after donor T cell transfer. Peripheral LN, mesenteric LN, and the spleen were harvested, single cell suspension obtained, and stained with anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD122 (5H4), anti-CD127 (A7R34), anti-CD44 (IM7), CD62L (MEL-14), anti-CD45.1 (A20), or anti-Thy1.1 (HIS51) (all Abs were purchased from eBioscience). Cells were acquired using a FACSCalibur, and analyzed with FlowJo software.
Commensal microflora depletion
As described [8] , 6-8 week old mice were treated with ampicillin (1 g/L, Sigma), vancomycine (500 mg/L), neomycin sulfate (1 g/ L), and metronidazole (1 g/L) in drinking water for 4-5 weeks.
Splenectomy and mesenteric lymphadenectomy
Mice will be anesthesized with 50 mg/kg Nembutal. 1.5-2 cm left-sided incision between the last rib and the hip joint was made and the spleen was pulled onto the exterior surface of the peritoneum. The spleen was removed after appropriate blood vessel ligation. For mesenteric lymphadenectomy, mLN was microdissected along the length of the superior mesenteric artery to the aortic root. Sham animals underwent laparotomy without removing the spleen or the mLN.
Immunoscope analysis
Detailed experimental procedures and the primer sequences were previously reported [9] . In brief, total RNA was extracted from FACS sorted CD44 bright CD4 T cells using the RNeasy proce- 
Data analysis
Statistical significance was determined by the Student's t-test using the Prism 4 (Graphpad Software, La Jolla, CA). P < 0.05 was considered to indicate a significant difference.
Results
The contribution of LN tissues to proliferation of naïve T cells within lymphopenic settings
Following an initial contact between T cells and antigen-bearing APCs, immunological synapse forms and subsequent stable interaction may persist for up to 48 h, after which T cells show signs of activation, dissociate from the APCs, and circulate [10] . Likewise, T cells that proliferate under lymphopenic conditions are expected to undergo prolonged interaction with MHC-expressing APCs, get activated, leave the initial activation sites, circulate, and traffic into different tissues. We recently reported that the LN entry is critical for the proliferation to occur as pertussis toxin pretreated naïve T cells failed to do so [2] . In order to locate sites where the initial activation takes place, we took an advantage of using the sphingosine 1-phosphate 1 (S1P 1 ) receptor agonist, FTY720. FTY720 prevents lymphocyte egress from the lymphoid tissues, including the thymus and LN, through binding to and downregulating the S1P 1 receptor [11, 12] . Thus, very few T cells are found in the circulation of mice treated with FTY720 [13] . It was shown that FTY720 treatment reduces the number of antigen-activated T cells, yet activation-induced proliferation was not impaired [14] . FACS sorted naïve T cells (containing both CD4 and CD8) were labeled with CFSE and adoptively transferred into T cell-deficient TCRbÀ/ À recipients. Starting 12 h post cell transfer, mice received daily FTY720 treatments, which would allow many of the transferred cells to seek APCs that express the ''antigens'' before they are immobilized in the lymphoid tissues by FTY720. Mice were sacrificed 7 days after transfer and donor T cell proliferation determined by FACS analysis. Blood T cell levels of the treated recipients were analyzed prior to sacrifice to insure the effectiveness of FTY720 treatment. As shown in Fig. 1A , FTY720 treatment dramatically increased both the proportions and the total numbers of donor CD4 and CD8 T cells in the LNs, especially mesenteric LN (mLN). By contrast, proliferating T cells accumulated in the spleen substantially decreased following the treatment (Fig. 1A) . Proliferation profiles determined by CFSE dilution further supported this finding. In the spleen, $14% and $35% of donor CD4 and CD8 T cells, respectively, remained undivided in FTY720 treated recipients, while the majority of donor T cells fully diluted the CFSE in the spleen of H 2 O treated recipients (Fig. 1B) . In the LNs, CFSE dilution was similar between the groups, indicating that signals that induce proliferation likely remain unchanged regardless of the treatment. In support of this, BrdU incorporation of the transferred cells in the LN was substantially elevated by FTY720 treatment, while that in the spleen was greatly reduced by the treatment (Fig. 1C) . Interestingly, BrdU+ donor T cells in the mLN remained unchanged regardless of the treatment. Therefore, these results demonstrate that in addition to mLN, naïve T cells appear to undergo substantial proliferation within the pLN. Furthermore, responding cells may escape from the spleen in presence of FTY, while they are confined within the LN. Alternatively, it is possible that there are less stimulatory antigens available in the spleen compared to those available in the LN tissues. Although it can be argued that a rise in T cell numbers in certain tissues may simply reflect different T cell sequestration or survival rather than proliferation, we estimated that T cells undergo more than 7 cell divisions within 7 days post transfer and that >20% of the T cells incorporate BrdU after a 24-h BrdU pulse (Fig. 1B and C) . Therefore, differential accumulation of the transferred T cells is not likely due to different migration behavior and/or survival of T cells.
TCR usage distribution under FTY720 treatment
If T cell proliferation is primarily induced by gut antigens, then it is possible that the clonality of proliferating T cells differs depending on the location where they are induced to proliferate. To examine if the repertoire of proliferating T cells is different under the influence of FTY720, we analyzed the TCRb distribution of CD4 and CD8 T cells that proliferated in TCRbÀ/À mice treated with either H 2 O or FTY720 as described above. Both CD4 and CD8 T cells proliferated within H 2 O treated TCRbÀ/À recipients displayed highly diverse TCRb expression. For CD4 T cells, although Vb8.1/8.2 was the dominant Vb chain, the TCR was evenly distributed throughout the remaining Vbs, Vb3, Vb4, Vb5.1/5.2, Vb10, Vb11, Vb12, and Vb14. For CD8 T cells, Vb5, Vb7, and Vb8.1/8.2 were the dominant Vb chain ( Fig. 2A) . Furthermore, the TCR distribution between the tissues was not dramatically different, except Vb9 of CD8 T cells (black arrow in Fig. 2A) . Following FTY720 administration, however, we found that the TCR distribution of both CD4 and CD8 T cells was altered compared to that in H 2 O treated recipients. In case of CD4 T cells, Vb5 and Vb8.1/8.2 T cells became the dominant Vbs. However, no significant differences in TCR distribution between the tested tissues were noticed, except Vb5 in mLN tissue. In case of CD8 T cells, Vb5.1/5.2, Vb6, and Vb8.1/8.2 became the dominant TCR under the FTY720 (Fig. 2A) . Interestingly, when the TCR distribution of mLN CD4 and CD8 T cells was compared between H 2 O-and FTY720-treated recipients, the difference was relatively minor and not significant (Fig. 2B) . Thus, T cell proliferation within lymphopenic LN tissues is not an oligoclonal response. It should be pointed out that similar TCR distribution between the two settings does not necessarily indicate that the antigens that induce the proliferation are similar. Further study to compare the clonality of the proliferating cells will be necessary to better examine this issue. Moreover, antigens derived from even a single microorganism or a type of self antigen could induce very diverse response at the level of Vb expression.
Roles of commensal bacteria in T cell endogenous proliferation
Antigens derived from the commensal bacteria were shown to be critical for inducing T cell proliferation in lymphopenic recipients [3] . Notably, fast T cell proliferation was substantially but not fully diminished in germ-free SCID recipients [1] . To closely analyze T cell proliferation/expansion responses within different lymphoid tissues, particularly mLN versus non-mLN, groups of TCRbÀ/À mice received antibiotic water for 4 weeks prior to T cell transfer. Following transfer of naïve T cells, T cell proliferation was monitored. As shown in Fig. 3A , the proportion of transferred CD4 T cells in the mLN and the spleen was dramatically reduced when recipients were antibiotics treated (Fig. 3A) . Interestingly, T cell levels in the pLNs were only slightly reduced by antibiotics treatment (Fig. 3A) . The total donor T cell recovery supported the findings (Fig. 3B ). CD4 T cell recovery was dramatically reduced especially in the spleen and mLN. The proportion of CD8 T cells was not different in antibiotic-treated and control mice, although the absolute numbers of CD8 T cells in the LN tissues were found reduced in antibiotics-treated recipients (Fig. 3B) . These results were further supported by CFSE profiles of the transferred T cells ( Fig. 3C) . Therefore, consistent with the previous studies [1] , diminution in the gut flora antigens substantially impairs lymphopenia-induced proliferation in most lymphoid tissues tested. Finding sizeable T cell expansion in antibiotic treated recipients implies that a gut antigen-independent lymphopenia-mediated T cell proliferation may take place although it must be acknowledged that antibiotics-mediated depletion of gut microorganisms could be incomplete. To further examine the role of the gut flora in this process, we transferred naïve T cells into recipients that were treated with both antibiotics and FTY720. $20% of CD4 T cells remained undivided in the spleen of treated recipients, while >96% of the transferred T cells in the LN tissues fully diluted their CFSE content (Fig. 4A) . Interestingly, $50% of CD8 T cells remained undivided in the spleen of the treated recipients, while CD8 T cell proliferation in the LN tissues (both pLN and mLN) was comparable to control H 2 O-treated groups (Fig. 4A) . Consistent with these results, the total cell recovery was significantly reduced in the spleen; however, no difference was noticed in the LN tissues (Fig. 4B) . These results indicate that antibiotics treated recipients still support lymphopenia-induced proliferation that originates in the LN tissues, further suggesting that a substantial gut flora-independent component of T cell proliferation does exist. Notably, the treatment of antibiotics/FTY720 did not diminish T cell accumulation in the LN tissues, in contrast to significant reduction of T cell accumulation in the LN of mice treated with antibiotics alone (Fig. 3B) . Therefore, inhibiting activation-induced T cell egress from the pLN in these mice may be capable of promoting continuous expansion of T cells that is responsive to the remaining gut flora-independent (''self'' or food) antigens. Although some adverse effect such as dehydration has recently been reported in mice administered with antibiotics [15] , we did not notice any sign of dehydration in this experiment. Furthermore, our results also suggest that antibiotics do not appear to have a direct effect on T cell proliferation; however, altered mucosal T cell homeostasis such as cytokine expression has been reported [15] .
The contribution of spleen and of mLN to the T cell proliferation
Since T cell proliferation was significantly reduced in the spleen of mice treated with FTY720 plus antibiotics, we next tested if the spleen is dispensable for the naïve T cell proliferation. To this aim, splenectomy (Spx) was performed in TCRbÀ/À mice prior to naïve T cell transfer and T cell proliferation was then examined. The degree of T cell expansion within the LN tissues of splenectomized TCRbÀ/À recipients was almost identical to that of sham-splenectomized TCRbÀ/À mice (Fig. 5A) . Furthermore, the total numbers of donor CD4 and CD8 T cells were comparable between splenectomized and control groups of recipients (Fig. 5B) . Splenectomy did not alter T cell proliferation pattern when determined by CFSE profiles (Fig. 5C ). The levels of BrdU+ donor T cells were also similar (data not shown). Therefore, the spleen is dispensable for naïve T cells to undergo proliferation under lymphopenic conditions. Because depleting commensal microflora substantially impaired T cell proliferation in the mLN, we also examined the contribution of mLN by measuring T cell responses in TCRbÀ/À recipients with mesenteric lymphadenectomy (Lnx) prior to transfer. To our surprise, T cell expansion (Fig. 5A) as well as CFSE dilution (Fig. 5C ) was similar to that in control groups of recipients. In fact, donor cell recovery in the pLN of mice without mLN was significantly higher compared to sham control mice (Fig. 5B) . However, CFSE profiles suggest that increased T cells in pLN is not due to redistribution of proliferating T cells. Therefore, these results strongly suggest that T cell proliferation within non-mLN tissues is substantial in vivo.
Role of commensal microflora in T cell expansion and endogenous memory T cell generation
It was recently reported that commensal microflora promotes steady-state IL-7 production that is necessary for T cell survival [16] . To test whether T cell maintenance is affected by commensal microflora, FACS sorted Thy1.1 CD4 T cells were transferred into Thy1.2+ SPF or GF recipients that were injected with cyclophosphamide 2 days earlier. Cyclophosphamide induces transient state of lymphopenia and thus the treatment can induce ''slow'' homeostatic proliferation of transferred T cells [7] . When the recovery of transferred donor CD4 T cells was examined 2 weeks post transfer, we found that the recovery was slightly higher in cyclophosphamide-treated GF recipients, although the difference was not statistically significant (Fig. 6A) .
Endogenous memory phenotype CD4 T cells in young mice are found to be generated from a robust proliferation as determined by the T cell receptor excision circle (TREC) numbers [17] . It was also suggested that this type of proliferation is a homeostasis-driven response induced by lymphopenic conditions imposed during neonatal period [17] . Moreover, the TCR distribution of these memory phenotype T cells of young mice was as diverse as those from adult mice [17] . To test whether the generation of endogenous memory phenotype CD4 T cells is dependent on commensal microflora, we isolated CD44 high memory phenotype CD4 T cells from groups of SPF and GF neonatal mice and performed the immunoscope analysis. Of note, the lack of gut antigens did not alter the frequency or the distribution of CD44 high memory phenotype CD4 T cells [18] . As shown in Fig. 6B , TCR repertoire of both GF and SPF neonates was highly diverse. These results strongly suggest a dispensable contribution of commensal microflora-derived antigen in the maintenance as well as the generation of endogenous memory phenotype CD4 T cells.
Discussion
Our results demonstrate the importance of mLN tissue in inducing the proliferation of both CD4 and CD8 T cells. Thus, inhibiting activated T cell egress from the lymphoid tissues by downregulating S1P 1 receptors leads to a significant accumulation of expanding T cells in the mLN. Consistent with this, treating recipients with antibiotics resulted in a substantial reduction of T cells accumulating in the mLN. Unexpectedly, however, we found essentially undiminished T cell proliferation in the pLN from the mice treated with FTY720. Interestingly, antibiotic treatment somewhat decreased the accumulation of T cells in the pLN. However, the decrease was not observed in mice treated with both FTY720 and antibiotics, indicating that stimulatory signals do exist in the pLN independent of commensal antigens. Although antibiotics treatment results in a substantial depletion of commensal microflora [8, 15] , we cannot exclude the possibility that those T cells proliferating and accumulating under this condition are in response to antigens derived from the remaining commensal organisms. Yet, we found that proliferating T cells accumulated in GF mice with cyclophosphamide induced lymphopenia, implying that lymphopenia induced proliferation can occur in mice that lacked commensal flora. Furthermore, TCR repertoire analysis of endogenous memory phenotype CD4 T cells within neonatal mice that are generated by homeostatic mechanisms revealed a dispensable role of commensal microflora.
Our results imply that T cells can respond to both peptide/MHC complexes in which the peptides derived from commensal microflora and from endogenous ''self'' antigens under lymphopenic settings. Commensal antigens might still be dominant in inducing T cell proliferation, although relative contribution of self antigens to this process remains to be better defined. Gut associated inflammation such as colitis and systemic autoimmunity can arise from uncontrolled activation of T cells specific for commensal antigens and, presumably, for self antigens, respectively [3, 19, 20] . Therefore, the role of self antigens in triggering T cell proliferation and generating effector cells may be critical for the resulting autoimmune inflammation. Importantly, T cells proliferating in the absence (or marked diminution) of commensal antigens are as highly diverse in the TCR repertoire distribution as are those from SPF mice. Alternatively, the microbiota-independent responses might be induced by food antigens. Given the fact that TCR-MHCII interaction is essential for the proliferation to occur [2] , self antigen(s) involved in tonic TCR signals to the naïve T cells might be responsible for the proliferation [21] . Mechanisms involved in converting tonic signals to proliferating signals under lymphopenic conditions remain to be determined.
It is interesting to note that T cell responses are not affected by the lack of spleen or mLN tissues. When commensal microflora dependent T cell responses are diminished by mesenteric lymphadenectomy, T cells entering the pLN and possibly reacting to self antigens might proliferate and expand better, which is likely to be mediated by increased availability of survival factors includ- high memory phenotype CD4 T cells were isolated from 7-day old SPF or GF neonates. TCR repertoire distribution was determined using the immunoscope analysis as described in Section 2. ns, not significant. TCR repertoires shown are representative of three independent experiments.
ing IL-7 [22, 23] . Indeed, the overall T cell recovery from the pLN of mice with mesenteric lymphadenectomy was significantly elevated. It is possible that small lymph nodules or gut associated lymphoid tissues might still be functional in presenting antigens and inducing T cell activation after mesenteric lymphadenectomy. However, their contribution to the T cell responses examined in this study is likely to be minor. Our results raise several interesting questions. First, what is the frequency of naïve T cells that respond to commensal vs. self antigens? We previously speculated that T cells that undergo proliferation in lymphopenic settings are in the range of 2-10% [24] . Although the actual specificity of these cells remains to be determined, it is reasonable to expect that T cells activated in these tissues may display different antigen specificity; that is, T cells proliferating within the mLN could be enriched in those activated by commensal antigens, while T cells proliferating within the pLN might be enriched for self antigen responding cells. Second, what are the antigen presenting cells in these tissues? We have recently demonstrated that CD11c+ dendritic cells are essential to induce T cell proliferation but that MHC II-abundant B cells are unable to do so [2] . Therefore, presentation of self antigens on these cells could be a default process and most of the commensal antigens are likely to be drained into the mLN and presented on the mLN resident DC. Alternatively, lamina propria DC may uptake commensal antigens, migrate into mLN, and present the antigens to T cells [25] . The contribution and the origin of DC in the different lymphoid tissues to the T cell proliferation will need more investigation. Third, is the specificity of naïve T cells different from other T cell subsets such as endogenous memory phenotype T cells or regulatory T (Treg) cells? Especially, Treg play important roles in limiting commensal microflora-induced intestinal inflammation [26] . Since the specificity of Treg could be important for the suppression [27] , it is possible that Treg may react to gut antigens. In fact, inducible Treg cells are efficiently generated in the lamina propria [28] . Therefore, the use of FTY720 and/or antibiotics may be used to extend the current findings to different T cell subsets such as memory phenotype T cells or Treg cells, from which the mechanism underlying the generation of these cells could be identified.
